Nineteen calves with a clinical history of posterior weakness or ataxia were examined at necropsy. Dorsoventral narrowing of the vertebral canal and myelopathy were found in the thoracic and lumbar areas of the spinal cord; vertebral metaphyseal growth plates had focal areas of premature closure. Malformation of the cranial base and hydrocephalus were also observed. Shortening of long bones and malformation of long bone epiphyses were prominent findings and were associated with focal premature closure of metaphyseal growth plates. The cause of these lesions is unknown; possible causes, including a maternal deficiency of manganese, are discussed.
Materials and Methods
In 1985, a number of calves with a history of posterior weakness or ataxia were submitted to the Western College of Veterinary Medicine for clinical and pathologic evaluation. Animals were born from April to June and were submitted from May to September. All farms of origin were visited by a veterinarian to evaluate other animals in the herd and to obtain a detailed case history to establish the cause. Following clinical examination, 19 animals were necropsied. All body systems were examined with special attention directed to the skeleton and its metaphyseal growth plates. Some vertebrae were boiled to remove soft tissue and to allow better visualization of changes in shape and size of the component parts. Selected tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 6 Mm, and stained with hematoxylin and eosin. We used other special stains, including Masson's trichrome stain, periodic acid-Schiff-Alcian blue, Saffarin 0-Fast green, and Lux01 Fast blue. Bone sections were decalcified in 20% formic acid. Slab sections of various parts of the skeleton were radiographed using a Faxitron X-ray system. Analysis for iron and manganese in liver was completed (dry weight basis) using atomic absorption spectrophotometry. Differences in age and liver concentration of manganese and iron were compared between the affected and unaffected calves. As the data were not normally distributed, the values were first ranked, and then an analysis of variance using the General Linear Model was performed upon the ranked Vitamin A levels in liver (wet weight basis) were determined using liquid chromatography. Concentrations of uronic acid in articular cartilage were determined in two affected and in two unaffected calves under one week of age. Control tissues were obtained from unaffected animals coming to necropsy where the cause of death and nutritional status were clearly established.
Results

History and clinical signs
Affected calves were received from four different cowcalf operations (32 to 79 cows per herd) scattered within a 300 km radius of the Western College of Veterinary Medicine. Typically, affected newborn calves were either unable to stand or were able to stand only if assisted. All calves had some degree of posterior ataxia or posterior weakness at birth, although they were alert and would suckle if assisted to their feet. Calves able to stand often had knuckling of the fetlocks of the pelvic limbs and had obvious posterior ataxia when forced to move. Those that survived for several weeks sometimes assumed a "dog-sitting" position. Some calves were reported to have crooked and shortened forelimbs. Enlargement of the skull, enlarged carpal joints and valgus deviation of the carpal area of the limbs (bow legs) were also reported ( Fig. 1 ).
Morbidity ranged from 7 to 96%. Affected animals did not recover, although some were allowed to survive for up to 20 weeks of age. Most calves were of mixed breeding (Hereford, Simmental, Charolais, Shorthorn, Angus). In some cases, the same breeding stock had been used in previous years with no similar problem. The use of vitamin injections, feed supplements, vaccines, herbicides, and various other factors such as soil type and possible access to poisonous plants were investigated as to their possible role in the etiology of the disease. No single factor or combination of factors could be clearly implicated, although two interesting events were noted in the history. In one case, a father and son pastured a herd of cattle over the summer as a group. In the fall, the herd was divided and was overwintered as two herds on two separate but nearby farms. One herd was affected, the other was not. In the second case, the original herd consisted of 30 cows; ten cows were purchased and added to the herd in December. A high percentage of the calves from the original cow herd were affected, whereas all of the cows brought into the herd in December had normal calves. Cows in three of the four affected herds had experienced marked weight loss during the winter months. Farming and management practices were those commonly used in the prairie provinces of western Canada. All of the farms involved had been in operation using the same premises for several years without major incident. Adjoining farms, managed under comparable conditions, did not experience a similar problem.
Gross post-mortem findings
Calves submitted for necropsy included both sexes; age at the time of death ranged from term to 20 weeks. Carcasses of affected animals were often normal in their external appearance, although two calves had obvious enlargement (doming) of the skull associated with hydrocephalus; several others had enlarged carpal joints associated with the trauma of prolonged recumbency and resulting periarthritis and arthritis. Forelimb deformity, as described at clinical examination, was less obvious at necropsy.
Major lesions identified at necropsy and their frequency in this group of calves are given in Table 1 . All calves had some degree of spinal stenosis that was readily apparent when removal of dorsal vertebral arches and removal of the spinal cord were attempted. Typically, stenosis was evident from the upper thoracic to the mid-lumbar region; narrowing of the vertebral canal was multifocal and associated with dorsal enlargement of the cranial and caudal extremities (metaphyses and epiphyses) of affected vertebral bodies, together with a slight ventral extension of cranial and caudal articular processes. The height of the vertebral canal was reduced by approximately 40%, whereas the width of the vertebral canal did not appear to be affected. The outline of the anterior and posterior face of vertebrae was altered, and the anterior face typically had a centrally-located concavity (Fig. 2) . Where stenosis was severe, the spinal cord completely filled the vertebral canal (Fig. 3) . The spinal cord was sometimes visibly and palpably narrowed at regular intervals that Metaphyseal growth plates in cervical, thoracic and lumbar vertebrae (sectioned in the mid-sagittal plane) were irregular in outline and had focal areas of premature closure thereby establishing bridges of trabecular bone that joined vertebral epiphyses to metaphyses. Vertebral metaphyses and epiphyses were flared and projected, to a variable degree, into the vertebral canal ( Fig. 5) . Twelve of the 19 animals with spinal stenosis had focal closure of vertebral metaphyseal growth plates (MGPs). MGP closure was not identified in the remaining seven animals.
Focal closure of MGPs, deformity of bony epiphyses and of associated articular surfaces were the major findings in the appendicular skeleton (scapula, humerus, radius, femur, and tibia). Some focal areas of MGP closure were not associated with marked bony deformity ( Fig. 6) ; however, in many cases there was retarded longitudinal growth of epiphyses where the MGP was disrupted. This central area of MGP closure gave rise to prominent abnormal concavities in the articular surfaces of the scapula, radius, femur, and tibia or, in the humerus, where there was flattening and caudoventral rotation of the humeral head ( Fig. 7) . Lesions (focal closure) in MGPs were usually located centrally within the bone and were often, but not always, bilateral. All of the above bones were seldom affected in one animal. Severe deformity of epiphyses was accompanied by a reduction in the overall length of the affected bone. judged to be normal. Seven of the nine calves with malformation of the cranial base also had hydrocephalus. Other lesions listed in Table 1 were interpreted as being secondary to prolonged recumbency and inanition.
Microscopic findings
Sections of spinal cord had varying degrees of stenotic myelopathy that was most severe in the white matter tracts of the lateral and ventral funiculi where it was characterized by dilated, empty axon cylinders, myelin loss, and swollen axons ( Fig. 8 ). Some animals had reduced numbers of neurons in the ventral gray columns. Defects in vertebral MGPs were often central in location with trabecular bone joining metaphysis to epiphysis ( Fig. 9 ). Remaining growth plate cartilage was sometimes normal, sometimes had apparent folding with prominent tongues of cartilage extending into the metaphysis, and, in older animals, the remainder of the MGP cartilage was narrow and its surfaces sealed by bone. An extension of the annulus fibrosus, which pointed into the vertebral epiphysis, was often associated with a focal area of closure in a MGP (Fig. 5) . The microscopic appearance of MGPs and surrounding structures in long bones was variable. As in vertebrae, defects (focal closure) in long bone MGPs were usually central in location. Small defects were without consequence; adjacent cartilage was normal and the acquired opening or defect in the MGP was such that neither substantial transphyseal bridging nor epiphyseal deformity occurred. Large defects were filled with fibro-osseous tissue with prominent longitudinally-orientated bone spicules that formed a latticework that anchored epiphyses to metaphyses (Fig. 10 ). These cases had marked distortion (abnormal flattening or formation of concavities) of the epiphyses and of the articular surface. Cartilage in the remaining portion of the MGPs was sometimes normal with evidence of active growth. In other instances, remaining cartilage was irregular in thickness due to partial folding. Cartilage at the margin of MGP defects was normal, thickened, or narrow with prominent eosinophilic streaking. Isolated islands of hyaline cartilage, surrounded by bone, were often present in the metaphyseal region adjacent to MGP defects.
Laboratory findings
Hepatic vitamin A level was 140 pg/g in one calf (one week of age) and was below detection limits (2 pg/g) in samples from two affected newborn calves. Normal hepatic levels of vitamin A in cattle are commonly in the order of 60 pg/g but may be as high as 200-800 pg/g. Hepatic manganese and iron values are given in Table 2 . After allowing for the effect of age, affected calves had significantly lower manganese concentrations in the liver than did the control calves (P = 0.003). There were no significant differences in hepatic concentrations of iron between the two groups of calves. Concentrations (pdg dry tissue) of uronic acid in cartilage was similar in two affected (71.3, 68.5) and two unaffected (70.2, 70.3) animals.
Discussion
All calves included in this report were considered to be affected by the same disease. Clinical signs were similar in all animals although they varied in the degree of severity. One calf was stillborn; all others were liveborn and had some degree of posterior weakness or ataxia that became worse with time. Lesions seen at necropsy were also similar in all calves, although there was some variation in the degree of spinal stenosis and in the long bone deformity. Bones distal to the carpus and hock were not affected in any case. Since the bones of the cranial base represent modified vertebrae, it is not surprising that they were also affected.
Although some calves had obvious enlargement of the skull associated with hydrocephalus and the single ined. The external appearance of the calf shown in Fig.  1 A was atypical.
All calves had spinal stenosis that developed prior to birth and appeared to be the result of flaring of the ends of vertebral bodies and protrusion of the vertebral articular processes. Deformity of vertebral bodies was often, but not always, associated with focal premature closure of MGPs. All calves had focal closure of MGPs The clinical signs and lesions described in this report bear some resemblance to those described in six crossbred calves by Orr et al. in 198 1 . 26 Geographical location of affected animals, clinical signs, and vertebral and spinal cord lesions were similar, although lesions in the MGPs of the appendicular skeleton were not described in the previous report. We are not aware of other reports of similar lesions. Although it is recognized that spinal stenosis may develop in a variety of circumstances in human being^^.^' and in domestic animal^,*^,^^ it has not been reported previously in association with focal closure of MGPs. A number of possibilities were considered when attempting to establish an etiological diagnosis. Included here were a maternal manganese deficiency, vitamin A and warfarin intoxification, cold injury (frostbite), plant enzymes, such as papain, and an inherited chondrodystrophy. The clinical histories obtained appeared to rule out a genetic cause. Feed analysis was not carried out as the winter feed already had been used and was not available for analysis; this interfered with an accurate assessment of the trace mineral status of the rations fed. Since the disease has not recurred on any of the source farms, it is unlikely that a simple soil mineral deficiency or excess is involved.
Hypervitaminosis A is known to cause premature closure of MGPs, shortening of the limbs, and deformity of long bone epiphyses, but spinal stenosis is not a reported conseq~ence.~,~ No source of excess vitamin A was established in the affected herds, although cows in two herds were injected with vitamin A during the gestation period. The dose of vitamin A administered was as recommended by the manufacturer. Hepatic levels of vitamin A in three affected calves were interpreted as normal (levels are normally very low in newborn calve^).^ In human beings, vitamin A is a known teratogen; children with severe hypervitaminosis A have premature closure of growth plates and retarded growth, possibly due to inhibited chondrog e n e~i s .~.~~ Although not supported in the history as a causative factor, cold injury has been reported to cause significant destruction of phalangeal MGPs with shortening and deformity of the fingers in children. The mechanism is thought to be a combination of cartilage cell death by freezing and necrosis secondary to interruption of the blood supply. 35 Papain, and other related proteolytic plant enzymes such as ficin and bromelin, if injected, have a specific effect on hyaline cartilage. Longitudinal bone growth is retarded as the result of damage to chondrocytes and to the proteoglycan component of the matrix of physeal cartilage. Treated animals have reduced levels of chondroitin sulfate in hyaline cartilage, and repeated doses of these enzymes lead to closure of M G P s .~~ In human medicine, it is reported that the administration of coumarin derivatives such as warfarin during the first trimester of pregnancy may cause a specific constellation of malformations known as warfarin embryopathy or the fetal-warfarin syndrome. Skeletal lesions include stippled epiphyses, kyphoscoliosis, shortened limbs, flattening or hypoplasia of nasal structures and wedge vertebrae. More recently, Price29 reported fusion of the proximal tibia1 MGPs and cessation of longitudinal growth in rats maintained on warfarin for an 8-month period. This lesion was associated with reduced levels of GLA protein (osteocalcin) of bone that is a vitamin K-dependent protein whose synthesis is inhibited by warfarin. Access to warfarin (feeding moldy sweet clover hay) was not identified in any of the affected herds. More recent reports in the literature postulate that osteocalcin has chemo-attractant activity for cells that resorb bone;" its reported role in premature growth-plate closure requires clarification.
A deficiency of manganese in gestating females has long been known to cause skeletal lesions in the offspring of various species.9JoJ3-15Js-24.32.36.37 Stiffness, enlarged joints, twisted legs, posterior weakness, and overknuckling of the rear fetlocks have been described in experimental manganese-deficient calves.32 Bowing and shortening of the forelimbs as well as paralysis of the extremities have been reported in experimental manganese-deficient newborn goats. I While it is clear that a maternal manganese deficiency leads to skeletal lesions in the offspring of various species of experimental animals, in many reports the skeletal lesions are described in vague or superficial terms and a pathologic basis has not been sought to explain clinical signs, such as posterior weakness or paralysis. Descriptions of lesions in the offspring of manganese-deficient rats (perforations in growth plates, short rotated forelimbs and deformed long bone epiphysis) are more complete than in other species and bear a striking resemblance to the lesions in the calves described in this report.
A manganese deficiency has also been associated with impaired reproductive performance in goats,' and guinea pigs.9 Stillbirths and/or abortions were reported in association with the disease described by Orr et a1. 26 and occurred in one of four herds in this report, but those animals (feti) were not available for necropsy.
Manganese is an essential dietary element for ru- minants. The liver is the major storage organ and hepatic levels of manganese are reported to vary directly with dietary levels.2 Hepatic levels of manganese are normally low in newborn calves and reach normal levels by the 5th day of age.I7a3O Puls30 considered 6-12 ppm to be marginal and 10-24 ppm to be adequate levels in calves. Values for hepatic manganese levels in the calves described herein were low at birth and remained low when compared to unaffected animals (controls). It was concluded that differences in hepatic manganese concentrations may have been significantly related to the occurrence ofthe disease. A more appropriate source of control calves would have included unaffected calves from the study population. Unfortunately, it was not possible to obtain such samples, and we cannot rule out the possibility that the relationship between hepatic manganese and the occurrence of the disease was due to their association with some unknown factor.
Dietary levels of 40 ppm of manganese of ration dry matter are recommended for optimum performance in cattle.39 Extensive manganese-deficient areas have been reported in the United States, although manganese is widely distributed in roughage. Grains and seeds are generally poor in manganese whereas green fodder and grass are higher than straw. Reported manganese levels for barley straw are 15 ppm, values reported for barley range from 5.14 ppm in the state of Washington to 26.8 ppm in western Canada. 39 The manganese content of grass declines with the maturity of the plant and during prolonged periods of rainfall. It is recognized that high dietary levels of calcium or iron may reduce the availability of manganese in the diet. 22, 30 Although not demonstrated in animals described herein, reduced levels of proteoglycan, uronic acid, sulfur-containing amino acids, hexosamine and/or chondroitin sulfate have been reported in experimental manganese-deficient animals. 16-24.32 Manganese-deficient animals have reduced activity of galactosyl transferase reactions that are associated with the synthesis of chondroitin ~u l f a t e ; '~,~~ this results in decreased polymerization of cartilage proteoglycans. The skeletal lesions that occur in manganese deficient animals are related to flaws in structure (defective synthesis) and function (loss of compressive stiffness) of matrix proteoglycan aggregates in physeal cartilage.
In summary, we believe we are dealing with a chondrodystrophy that involves MGPs of the axial and appendicular skeleton. Although a maternal manganese deficiency that developed over time, and which may have been conditioned by unknown environmental factor@), is postulated as the cause, a definitive etiologic diagnosis was not established. Soil and feed testing, as well as further epidemiologic studies, should be undertaken if the disease recurs.
